Strongly coupled piezoelectric energy harvesters: Optimised design with over 100 mW power, high durability and robustness for self-powered condition monitoring by Kuang, Y et al.
Energy Conversion and Management 237 (2021) 114129
Available online 17 April 2021
0196-8904/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Strongly coupled piezoelectric energy harvesters: Optimised design with 
over 100 mW power, high durability and robustness for self-powered 
condition monitoring 
Yang Kuang a, Zheng Jun Chew a, John Dunville b, Jim Sibson b, Meiling Zhu a,* 
a College of Engineering, Mathematics and Physical Sciences, University of Exeter, Exeter, UK 
b Babcock International Group, UK   
A R T I C L E  I N F O   
Keywords: 





A B S T R A C T   
Harvesting ambient vibration energy is a promising method to realise self-powered wireless sensors. However, 
most of the energy harvesters developed to date are not suitable for real-world applications because of low power 
output and/or poor durability and robustness. To overcome these challenges, this work develops a strongly 
coupled piezoelectric stack energy harvester (PSEH) with design considerations not just on the power output but 
also on the durability and robustness. The PSEH took advantages of the force amplification capability of an 
optimised mechanical transformer and the high coupling coefficient of a 33-mode multilayer piezoelectric stack 
to achieve strong coupling and therefore high-power generation. To increase the durability, the piezoelectric 
stack was pre-compressed to prevent the development of tensile stress, to exploit the high compressive strength 
of piezoelectric ceramics; the maximum dynamic stress in the mechanical transformer was kept below half of the 
material’s fatigue limit. Plate springs were used to guide the motion of the PSEH and prevent undesired vibration 
to enhance robustness. A finite element model was developed for design optimisation, which links the design 
parameters directly to the full performance matrix including maximum power generation. When actuated at 0.5 
g, 157 Hz in the lab tests, the PSEH produced a maximum average power of 140 mW with a 1-mW-bandwidth of 
72 Hz and 10-mW-bandwidth of 24 Hz. The PSEH showed no performance degradation after continuously 
actuated at 0.3 g, 157 Hz for 7.9 h. In addition to the lab tests, on-site tests were performed by installing the 
PSEH in two locations of a screw air compressor. On-site tests showed that the PSEH was able to produce average 
power of 15.95 ± 2.3 mW and 43.19 ± 1.52 mW when the acceleration produced by the air compressor was 
0.125 ± 0.012 g and 0.259 ± 0.004 g, respectively.   
1. Introduction 
Condition monitoring of critical or high-value assets is the most 
effective technique to enhance management and maintenance. It offers 
significant benefits of cost-saving, productivity improvement, safety and 
reliability to industries by providing an early indication of potential 
equipment failure and upgrading the conventional breakdown/preven-
tive maintenance to predictive maintenance [1,2]. Traditionally, con-
dition monitoring is performed with wired systems which suffer from 
the drawbacks of high cost and difficult installations. In these aspects, 
wireless sensor networks (WSNs) offer an effective solution by elimi-
nating the cables/wires, which increases flexibility and reduces the cost 
of installation. However, WSNs are usually powered by conventional 
batteries with limited energy capacity and finite lifetime. Replacing or 
recharging the depleted batteries can be expensive and difficult partic-
ularly when the sensor nodes are remote or inaccessible. This challenge 
has been driving the worldwide research efforts in the last two decades 
in energy harvesting (EH) technologies, which converts ambient energy 
sources to electricity supplying the WSNs [3]. 
During the operation of machine systems, a large amount of energy 
exists in the form of structural vibrations, which are a good energy 
source to be harvested and used to power the WSNs for monitoring the 
working conditions. The structural vibrations can be scavenged by 
transduction mechanisms including piezoelectric [4], electromagnetic 
[5,6], electrostatic [7] and triboelectric [8] through the inertial of a 
proof mass, all of which have been comprehensively investigated and 
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are capable of providing a useful amount of energy. Among these 
transduction mechanisms, piezoelectric energy harvesters (PEHs) have 
gained the most attention due to their high energy density, scalability 
and simple structures [9]. So far, innumerable PEHs have been devel-
oped with power output widely varying from microwatts to tens of 
milliwatts [10]. Although some of them have demonstrated their ability 
to power wireless sensor nodes in the lab, the real-world applications are 
still very rare, mainly due to insufficient power output for the required 
tasks and/or poor durability and robustness. 
The majority of PEHs work in a bending mode with configurations 
such as cantilever [11] or the doubly-clamped beam [12]. They have the 
advantages of low stiffness, low resonance frequency, simple structure 
and easy for MEMS fabrication. The power output of bending-mode 
PEHs reported in the literature mostly varies from a few microwatts to 
a few milliwatts [10], largely depending on the size of the PEH and the 
actuating amplitude, though some prototypes with high power genera-
tion have been reported recently. He et al. [13] recorded an average 
power of 15.4 mW from a piezoelectric cantilever actuated by a rota-
tional motion at 150 revolutions per minutes. Kim et al. [14] developed a 
piezoelectric cantilever with an array of four piezoelectric layers (35 ×
37 × 0.16 mm3 each) and recorded nearly 30 mW of power when an 
acceleration of 1 g at 120 Hz was applied. Jeon et al. [15] developed a 
displacement amplification mechanism and a deformation guide to in-
crease the power output of a cantilever for road displacement energy 
harvesting. The piezoelectric layer with peak stress over 150 MPa pro-
duced an instantaneous of 60.3 mW. The main concern of bending-mode 
PEHs is the stress concentration in the piezoelectric layer, which would 
significantly reduce the durability of the piezoelectric material and 
constrain the power output. Piezoelectric ceramics are born with in-
ternal and surface cracks, which propagate progressively under tension. 
As a result, piezoelectric ceramics have a low tensile (~45 MPa) and 
bending (~80 MPa) strength [16,17]. The fatigue limits of piezoelectric 
ceramics working under dynamic stress are even lower (27.6–48.3 MPa 
for bending [16]). Okayasu et al. [18] showed that fatigue life for 
commercial bulk PZT under bending stress of 60 MPa is 105 cycles. Kim 
et al [19] observed line cracks on a piezoelectric bimorph cantilever 
after 2–3 min of operation. 
To improve the power output, longitudinal-mode PEHs have been 
researched, which usually employ a mechanical transformer to amplify 
the longitudinal stress in piezoelectric plates/stacks. The longitudinal- 
mode PEHs were initially developed to harvest energy directly from 
compressive forces and work at a non-resonant state [19]. They have 
been intensively investigated for applications such as footfall [20,21], 
road surfaces [22,23], floor tile [24] and pressure ripples of hydraulic 
pipelines [25]. The use of longitudinal-mode PEHs for inertial and 
resonant energy harvesting is relatively limited, perhaps due to the 
concerns of the high resonance frequency. Xu et al. [26] combined 
cymbal structures with cantilever beams to lower the resonance fre-
quency and increase the power generation from low-frequency vibra-
tion. The fabricated prototype produced a power of 3.7 mW under an 
acceleration of 3.2 g at 102 Hz. Later, Yang et al. [27] proposed a 
nonlinear energy harvester with a multi-stage force amplifier, which 
included a bridge-type force amplifier and elastic beams. The use of the 
multi-stage structure increased the power output and reduced the 
resonance frequency to 26 Hz, at which 54.7 mW was produced with an 
acceleration of 0.5 g [28]. Wang et al. [29] developed a PEH with a two- 
stage force amplifier and three multilayer piezoelectric stacks. With a 
proof mass of 0.1 kg and acceleration of 0.1 g, the PEH produced a power 
density as high as 2642 mW/g2 at 37 Hz. Although the longitudinal- 
mode PEHs showed promising power output with reduced or elimi-
nated stress concentration, care still must be taken on its durability as 
the piezoelectric material has a low tensile strength. Zhao et al. [30] 
found a piezoelectric plate with a bridge-type force amplifier failed 
when the peak stress exceeded ~ 30 MPa. 
Depending on the electromechanical coupling coefficient figure of 
merit K2QM (K being the electrotechnical coupling coefficient and QM 
the mechanical quality factor), PEHs can be generally grouped into 
weakly coupled (K2QM < 2) and strongly coupled (K2QM > 2) [31]. 
Strongly coupled PEHs have two identical power peaks in the resonance 
region compared to the single power peak of weakly coupled PEHs and 
therefore can increase the power output and bandwidth. The strong 
coupling has been mainly observed in bending-mode piezoelectric 
cantilevers with power output from a few to hundreds of microwatts 
[31–33]. In the previous work [34], the present authors for the first time 
discovered strong coupling behaviours on a longitudinal-mode piezo-
electric stack energy harvester (PSEH) and developed a finite element 
model to investigate the mechanism of strong coupling. The PSEH pro-
duced 5.2 mW when actuated by an acceleration of 0.25 g. In this work, 
the PSEH is further designed and optimised to exploit the advantages of 
both strong coupling and longitudinal-mode for real-world applications. 
Unlike most previous studies with little consideration on the durability 
and robustness, this work has not only been devoted to increasing the 
power output and bandwidth but also simultaneously to upholding the 
durability and robustness so that the developed PSEH fully meets the 
requirement of real-world applications. Finite element modelling is 
performed to optimise the power output of the PSEH while keeping the 
stress below half of the material’s fatigue limit. Novel strategies have 
been implemented to ensure durability and robustness in the harsh in-
dustrial environment. The design, optimisation, lab testing and on-site 
testing of the PSEH are presented in this paper. While maintaining a 
safety factor (SF) machine larger than two, the fabricated PSEH pro-
duces a power output of 140 mW, which is 2.5 times the state-of-the-art 
inertial PEHs. During on-site testing, the PSEH produces average power 
of 15.95 ± 2.3 mW and 43.19 ± 1.52 mW when actuated by an accel-
eration of 0.125 ± 0.012 g and 0.259 ± 0.004 g, respectively. 
2. Design of the energy harvester 
2.1. Design targets 
This work takes screw compressors (G-Drive, ALMiG Compressor 
GmbH) installed in Babcock International Group (Plymouth, UK) as a 
study case to develop a durable and robust PEH for a self-powered 
machine monitoring system. To determine the working frequency of 
the PEH, the vibration of one screw compressor was measured by an 
accelerometer (8786A5, Kistler). The frequency spectrum of the accel-
eration measured at two potential installing locations near the bearings 
is presented in Fig. 1. The acceleration components at 25 Hz correspond 
to the rotational speed of the motor (RPM of 1500). The main vibration 
components are located at 157, 278 and 315 Hz. Higher orders of har-
monic vibration components were observed but not presented herein 
because of their low values. 
The electric power output of a single-degree-of-freedom energy 








Fig. 1. Frequency spectrum of the acceleration measured on a 
screw compressor. 
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where m is the mass; k the stiffness; ξe the electrical damping due to 
energy harvesting; ξT the total damping including both mechanical and 




the resonance frequency. Eq. (1) suggests that for a specific EH 
with a constant stiffness kand damping factors, the power output is 
proportional to A20/ω30. According to the measured vibration spectrum, 
the value of A20/ω30 at 157 Hz is the highest among the three main vi-
bration components. Therefore, the PEH is designed to resonant at 
around 157 Hz. 
Although the measured vibration amplitude at 157 Hz is <0.35 g, the 
maximum input acceleration for the designed EH is set to be 0.5 g and a 
safety factor (SF) of 2 is applied to ensure durability and robustness even 
when the vibration frequency and amplitude are varied due to the 
variation of the compressor’s loading conditions. 
2.2. Working mechanism of the strongly coupled PSEH 
The EH designed in this study is a piezoelectric stack energy 
harvester (PSEH), which has been proved to be strongly coupled and 
exhibit two identical power peaks across the resonance region. Fig. 2 
shows the schematic of the PESEH. It consists of a PZT stack polarised 
along the z-axis, a mechanical transformer and a proof mass. The me-
chanical transformer has four inclined beams with an inclined angle of θ 
< 45◦. The inclined beams are designed to be thin on the ends and thick 
in the middle. The thin ends serve as flexure hinges to allow the easy 
bending of the beams while the thick middle parts reduce the defor-
mation of the beams to minimise the storage of elastic energy. Such a 
transformer has been proved to have the ability to amplify the input 
force and reduce the structural stiffness [34]. As a vibration along the 
x-axis is applied to the PSEH, an inertial force is exerted to the me-
chanical transformer due to the proof mass. The mechanical transformer 
amplifies and redirects the input to the z-axis force applied on the PZT 
stack to produce electricity. 
Compared to the traditional bending-mode energy harvesters, the 
PSEH offers four advantages for vibration energy harvesting. First of all, 
the piezoelectric material operates at the 33-mode in the PSEH, as 
opposed to the 31-mode in bending-mode PEHs. Since piezoelectric 
materials have a higher electromechanical coupling coefficient Kin a 33- 
mode than in a 31-mode, the use of 33-mode leads to a higher value of 
coupling efficiency figure of merit K2QM, which is critical in achieving 
strongly coupled PEH. Moreover, higher K means a higher efficiency of 
converting mechanical energy to electricity. Secondly, the stress is 
evenly distributed on the piezoelectric material, in contrast to the severe 
stress concentration in bending-mode PEHs. The even distribution of the 
stress allows the piezoelectric material to generate higher electric power 
with lower peak stress. Thirdly, the mechanical transformer can amplify 
the input inertial force and thus increase the power generation, which 
has been widely exploited for energy harvesting from low-frequency 
compressive forces [37,38]. The last but not least, the mechanical 
transformer reduces the stiffness and thus the resonance frequency of 
the PSEH. The PZT stack operates in its longitudinal mode in the PSEH 
[34]. Because of its high stiffness, the PZT stack in the longitudinal mode 
has a resonance frequency in the range of tens of kilohertz, which is far 
higher than the frequency of ambient vibrations. The reduction of the 
stiffness and resonance frequency by the mechanical transformer makes 
it possible to match the resonance frequency of PSEH to the ambient 
vibration and thus to maximise the energy generation. 


















Fig. 2. Schematics of the strongly coupled piezoelectric stack energy harvester: (a) perspective view and (b) 2D view with the proof mass hidden.  
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Fig. 3. Design considerations to increase the durability and robustness of the PSEH: (a) an auxiliary rig is designed to apply pre-compressive stress in the PZT stack; 
(b) the proof mass is designed with a lowered centre; (c) two plate springs are designed to minimise motions in undesired directions. 
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2.3. Durability and robustness considerations 
The PZT stack in the strongly coupled PSEH experiences both tensile 
and compressive stress during operation. Because of the propagation of 
internal flaws in tension, piezoelectric ceramics have low tensile 
strength. The tensile stress in the PZT stack severely reduces the lifetime 
of the PSEH. However, the propagation of the internal flaws is con-
strained when the piezoelectric ceramics are in compression, leading to 
high compressive strength (>600 MPa). As a result, pre-compressing 
piezoelectric ceramics to prevent the development of tensile stress is a 
common procedure to increase the durability of piezoelectric actuators 
[39]. Pre-compressed piezoelectric actuators have shown lifetime >
1010 cycles with little degradation [40,41]. To exploit the high strength 
and durability of piezoelectric ceramics in a compressive mode, an 
auxiliary rig was designed to apply static compressive stress to the PZT 
stack, as shown in Fig. 3 (a). The PSEH is placed between two pre-stress 
caps, which are fastened by two bolts. Once the nuts are tightened, the 
caps compress the PSEH and apply static compressive stress in the PZT 
stack. 
The PSEH is designed to oscillate along the x-axis. However, ambient 
vibrations are usually multi-directional, leading to multi-directional 
forces applied to the mechanical transformer. The forces applied in 
undesired directions cause a moment to the mechanical transformer, 
which can be harmful. To reduce this moment, the proof mass was 
designed to enclose the mechanical transformer to lower the mass 
centre, as shown in Fig. 3 (b). To further improve the stability and 
robustness, the proof mass was connected to two plate springs, one on 
each end, as shown in Fig. 3 (c). The outer rings of the plate springs are 
coupled to the base (Fig. 3 (a)) of the mechanical transformer through 
the support pillars and the bottom lid. The plate springs make sure that 
the proof mass is free to move along the x-aixs while its motions in other 
directions are constrained. Moreover, with the two springs, the PSEH 
can be installed at any angle relative to gravity. 
3. Modelling and design optimisation 
3.1. Finite element modelling methods 
Finite element models were developed in COMSOL Multiphysics® to 
optimise the design and predict the performance of the PSEH. Most of 
the previous finite element models of longitudinal-mode PEHs can only 
optimise the performance in terms of intermediate values such as force 
amplification factor and energy transmission efficiency [29,38,42]. The 
FEM developed in this work is a piezoelectric-circuit coupled model, 
which directly links the design parameters to the electric power output, 
enabling optimisation in terms of the final output of the PSEH. More-
over, the FEM in this study adopted the method developed in the pre-
vious study for strongly coupled PEHs [34], which first analyses the 
internal impedance of the PEH and then uses the impedance magnitude 
as the optimal load resistance for power generation. 
In the design optimisation stage where the effects of key design pa-
rameters were investigated, the FEM did not include the plate springs, as 
shown in Fig. 4 (a), to reduce the scale of the model and save the 
computation time. The bolts with threads and nuts were simplified as 
two rods, the diameter of which is the pitch diameter of the threads. A 
pair of static compressive forces Fs was applied on the caps to introduce 
the pre-stress. The proof mass mwas included in the model by a 
boundary condition in COMSOL without building a physical mass. A 
harmonic acceleration A0cosωt was applied to the base of the mechan-
ical transformer. The amplitude of the acceleration A0was set to 0.5 g 
unless specified. The PZT stack was modelled as a single layer piezo-
electric ceramic with dimensions of 7 × 7 × 36 mm3, although a multi- 
layered stack would be used in the experiment. While the total volume of 
the PZT stack is constant, the number of layers affects the internal 
impedance magnitude, the voltage and current generated but it does not 
affect the power output. The rest of the PSEH was modelled as spring 
steel. The material properties are listed in Table 1. The material prop-
erties of piezoelectric material PIC252 were provided by the material 
supplier (PI ceramic GmbH). The mechanical damping was specified as 
the mechanical quality factor QM, which was estimated to be 100. The 
material properties are assumed not to change with the acceleration 
amplitude. 
The electrodes of the PZT stack were connected to the optimal load 
resistance Ropt , which yields the maximum power generation. Before 
simulating the power output, the internal impedance Zin of the PSEH was 
analysed by computing the performance of the PSEH in an actuator 
mode: a voltage was applied to the PZT stack to compute the current 
generated to calculate the internal impedance Zin [34]. The 
magnitude|Zin| of the internal impedance is the optimal load resistance 
[31,43] and was assigned toRopt . 
Following the determination of the optimal design, a full model of 
the PSEH (Fig. 4 (b)) was built. Compared to the model in Fig. 4 (a), the 
full model included the two plate springs and the physical proof mass. 
The support pillars and the bottom lid were not built. Their clamping 
effect was modelled by coupling the outer rings of the plate springs 
(highlighted in blue) to the input base of the mechanical transformer in 
terms of displacement. Other boundary conditions of the full model are 
the same as the model in Fig. 4 (a). 
3.2. Design optimisation 
In this section, the model without plate springs was used to study the 
effects of key design parameters on the performance of the PSEH. These 
parameters include the size of bolts, inclined angle θ, hinge length Lh and 
hinge thickness th, which are shown in Fig. 2 (b). The objective of the 
Fig. 4. Schematics of the finite element models: (a) FEM without plate springs 
used for the parametric design stage (b) full model of the PSEH. 
Table 1 
The material properties of the piezoelectric material (PIC 
252) and spring steel.  
Parameters Values 
Piezoelectric stack  
Density (kg/m3) 7800 
sE11(×10
− 12 m2/N)  16.06 
sE12(×10
− 12 m2/N)  − 5.68 
sE13(×10
− 12 m2/N)  − 7.45 
sE33(×10
− 12 m2/N)  27.0 
sE44(×10
− 12 m2/N)  46.99 
sE66(×10
− 12 m2/N)  43.50 
d31(×10− 12 m/V)  − 186.7 
d33(×10− 12 m/V)  399.6 
d15(×10− 12 m/V)  617.4 
εT11/ε0  1850 
εT33/ε0  1750 
Spring steel  
Density (kg/m3) 7850 
Young’s modulus (GPa) 207 
Poisson’s ratio 0.3  
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design optimisation is to increase the power output and bandwidth 
while maintaining sufficient durability. 
(i) Representative performance of the PSEH 
The representative output performance of the PSEH are presented in 
Fig. 5, which was obtained with pre-stress bolts of M3, θ=6◦, th=0.3 mm 
and Lh = 2 mm. The electric power shows two identical peaks Pp at f01 
and f02, and a local minimum P0 at f0.It is noted that the power at each 
frequency was obtained with the PSEH connected to the optimal load 
resistance and therefore these power values are the maximum power at 
the corresponding frequencies. The dual-peaks in power output are a 
signature of strongly-coupled PEHs. They are located at frequencies 
where the phase of the internal impedance |Zin| is zero, i.e. the internal 
impedance is purely resistive, as can be observed in Fig. 5 (a). At zero- 
phase frequencies, conjugate matching of the internal impedance can 
be achieved by the load resistance, leading to the maximum power 
transfer and peak power output [31,34]. The strong coupling of the 
PSEH is attributed to the large electromechanical coupling coefficient of 
Kand mechanical quality QM of the PSEH, leading to the electrome-
chanical coupling figure of meritK2QM > 2, which is the prerequisite for 
strong coupling. The value of K can be calculated by [32] 
K2 =
f 202 − f 201
f 201
(2) 
The value of K2 calculated from the results in Fig. 5 (a) is 0.093. 
WithQM = 100, K2QM is 9.3, which also implies the PSEH is strongly 
coupled. 
The stress in the mechanical transformer and the PZT stack exhibits 
similar trends as the power output, as shown in Fig. 5 (b). The locations 
of the stress peaks across the resonance region coincide with the power 
peaks. The stress of the mechanical transformer presented in Fig. 5 (b) is 
the maximum von Mises stress at each frequency, which is always 
located at the flexure hinges because of the large bending motion and 
the stress concentration, as shown in Fig. 6 (a). In the PZT stack, the 
stress is distributed almost uniformly, although high stress is observed 
   (a)                                                                                        (b) 
Fig. 5. Representative performance of the PSEH: (a) average power and the phase of the internal impedanceZin; (b) the peak von Mises stress in the mechanical 
transformer and the average von Mises stress in the PZT stack. 
(a)                                                                                             (b)
Fig. 6. Von Mises stress distribution in (a) the PSEH and (b) the PZT stack when the PSEH is actuated at 0.5 g, 159.5 Hz.  
Fig. 7. Effects of the size of the pre-stress bolts on the average power output 
spectrum of the PSEH. 
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on the surfaces where the PZT stack interfaces the mechanical trans-
former, as shown in Fig. 6 (b). For the PZT stack, the volume-average 
von Mises stress is considered and presented in Fig. 5 (b). The stress 
peaks in the mechanical transformer and PZT stack are denoted as TMp 
and TPZTp , which will be used to evaluate the strength and durability of 
the PSEH. 
Although the PSEH shows power peaks at f01 and f02, the PSEH will 
be designed with f0 matching the ambient vibration frequency (157 Hz) 
so that it can have the maximum tolerance for the shift of actuating 
frequency. The mechanical transformer in this study will be made of 
spring steel 60Si2CrVA. With proper heat treatment and surface finish, 
the fatigue limit of spring steel 60Si2CrVA is about ~ 750 MPa [44]. To 
uphold the lifetime of the mechanical transformer, the peak stress TMp 
should be lower than the fatigue limit of the material. In this study, TMp in 
the mechanical transformer would be kept less than 375 MPa to achieve 
a safety factor of 2 and ensure the longevity of the mechanical 
transformer. 
(ii) Effects of the pre-stress bolts 
The power outputs of the PSEH with M2, M3 and M4 pre-stress bolts 
are compared with that of the PSEH without pre-stress bolts in Fig. 7. 
The proof mass was varied to make suref0 = 157 Hz. The proof mass for 
no bolt, M2, M3 and M4 bolts are 0.338, 0.350, 0.370 and 0.385 kg, 
respectively. As the bolt size increases, the power peak Ppincreases 
slightly due to the increased proof mass. The more remarkably variation 
is the reduction of Δf = f02 − f01 as the bolt size increases. Δf is the 
bandwidth between the two zero-phase resonance frequencies and is 
therefore referred to as resonance bandwidth in this study. The reso-
nance bandwidth reflects the electromechanical coupling coefficient of 
the PSEH, the square of which is the ratio of the stored electrical energy 
to the input mechanical energy and can be calculated by Eq. (2). The 
calculated values of K2 for no bolt, M2, M3 and M4 bolts are 0.18, 0.15, 
0.079 and 0.066, respectively. As the bolt size increases, a larger portion 
of the input mechanical energy is absorbed by the bolts, leading to a 
reduced portion of input mechanical energy to the piezoelectric mate-
rial. As a result, the ratio of the converted electrical energy to the total 
input mechanical energy is reduced, i.e. the electromechanical coupling 
coefficient of the PSEH is reduced. Although K2 is reduced by the pre- 
stress bolt, the value K2QM is always >2. K2QM for no bolt, M2, M3 
and M4 bolts are 18.1, 15.1, 7.9 and 6.6, respectively. While the bolt size 
has little effect on the peak power output, a smaller bolt is preferred for 
the broader resonance bandwidth Δf . However, the bolt size has to be 
large enough to withstand the dynamic stress on the threads. In this 
work, considering the strength of the threads, M3 was selected as the 
size of the pre-stress bolts. 
(iii) Effects of the geometry of the mechanical transformer 
After the bolt size had been determined, simulations were performed 
to study the effects of geometrical parameters of the mechanical trans-
former including the inclined angle θ, the hinge thickness th and the 
hinge length Lh, which are denoted in Fig. 2 (b). For each configuration, 
the proof mass was varied to ensure f0 = 157 Hz. The power output of 
the PSEH with M3 bolts is as high as 130 mW as shown in Fig. 7. This 
power is even sufficient to continuously supply high-power- 
consumption sensors such as acoustic emission sensors [45], which are 
commonly used in condition monitoring and consume tens of milliwatts. 
The design objective of the mechanical transformer’s geometry is 
therefore mainly focused on maximising the resonance bandwidth while 
keeping the maximum stress below half of the fatigue limit. 
The effects of the inclined angle θ on the performance of the PSEH 
with th = 0.3 mm andLh = 2 mm are presented in Fig. 8. As θincreases, 
the proof mass required to maintain f0 = 157 Hz is increased, as shown 
in Fig. 8 (a). This suggests that the stiffness of the mechanical trans-
former increases with θ. Due to the increase of the proof mass, both the 
power peak Ppand the local minimum power P0go up with θ. Δf has its 
Fig. 8. The effects of the inclined angle θ on: (a) the power outputs and proof mass; (b) the maximum von Mises stress in the mechanical transformer and the 
resonance bandwidth Δf whenth = 0.3 mm andLh = 2 mm. 
Fig. 9. The effects of hinge thickness th on: (a) the power outputs and proof mass; (b) the maximum von Mises stress in the mechanical transformer and the resonance 
bandwidth Δf whenθ = 6◦ andLh = 2 mm. 
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maximum value of 6.5 Hz when θ is between 6◦ and 12◦, as shown in 
Fig. 8 (b). The peak stress in the mechanical transformer has the mini-
mum value of 435 MPa whenθ = 6◦. Further increasing θ produces 
higher power but at the cost of higher peak stress in the mechanical 
transformer. The inclined angle θ selected for the PSEH is 6◦. 
Fig. 9 shows the effects of the hinge thickness th on the performance 
of the PSEH withθ = 6 ◦ andLh = 2 mm. As the hinge becomes thicker, it 
becomes more difficult to flexure. As a consequence, the stiffness of the 
PSEH is increased and a larger proof mass is required to maintain the 
resonance frequency (Fig. 9 (a)). The increase of the proof mass is 
accompanied by the increase of power generation. The larger thickness 
also leads to higher stress in the mechanical transformer, as shown in 
Fig. 9 (b). The maximum value of Δf is observed whenth = 0.4 mm. This 
value was therefore selected for the PSEH. 
Fig. 10 shows the effects of the hinge length Lh on the performance of 
the PSEH withθ = 6◦ andth = 0.4 mm. As Lh increases, the hinges become 
more flexible, resulting in the reduction of the stiffness. Therefore, to 
maintain the resonance frequency, the proof mass required is reduced, 
giving rise to the decrease in the power output. Moreover, as Lh in-
creases, the deformation of the inclined beams increases. As a result, 
more energy is stored in the inclined beams, leading to the reduction of 
the electromechanical coupling coefficient and Δf of the PSEH (Fig. 10 
(b)). The more compliant hinges suffer less stress concentration and 
therefore has lower peak stress. To make sure the peak stress in the 
mechanical transformer is less than 375 MPa, Lh was selected as 3 mm 
whereTMp = 370.8 MPa. 
3.3. Effects of the static compressive pre-stress 
Based on the above studies, the geometrical parameters of the me-
chanical transformer are selected asθ = 6◦, th=0.4 mm andLh = 3 mm. 
The electric power output of the optimised PSEH with a proof mass of 
0.39 kg and without pre-stress is presented in Fig. 11 (a). The power 
peaks Pp are 143.8 mW at 154.5 and 160.5 Hz, leading toΔf = 6 Hz. The 
local minimum power P0 is 89.6 mW at 157.5 Hz. The amplitude of the 
dynamic von Mises stress TPZTp in the PZT stack was found to be 13.9 MPa 
at 160.5 Hz. Static pre-compressive stress of 27.8 MPa was decided to 
apply onto the PZT stack to ensure a safety factor of 2. Fig. 11 (a) shows 
the power output of the PSEH when a pre-stress of 27.8 MPa was 
introduced on the PZT stack by applying a static compressive force Fs 
(Fig. 4 (a)). The resonance frequency is increased by the pre-stress 
because the inclined angle θ is increasd by the pre-stress. 
In addition to pre-stressing the PZT stack, the static compressive 
force introduces static stress in the mechanical transformer. Fig. 11 (b) 
shows that the maximum static von Mises stress and the z-axis defor-
mation ΔLz of the mechanical transformer increase linearly with the 
static pre-stress in the PZT stack. When the static stress in the PZT stack 
is 27.8 MPa, the mechanical transformer is deformed by 30.2 µm along 
the z-axis and has maximum stress of nearly 250 MPa. Because the static 
stress is tensile in some areas of the hinges, it reduces the fatigue limit of 
the mechanical transformer [46]. To apply the required static 
compressive stress in the PZT stack but avoid the high level of static 
  (a)                                                                                         (b)
Fig. 10. The effects of hinge length Lh on: (a) the power outputs and proof mass; (b) the maximum von Mises stress in the mechanical transformer and the resonance 
bandwidth Δf whenθ = 6◦ andth = 0.4 mm. 
                                                   (a)                                                                                (b)
Fig. 11. Performance of the PSEH at different static pre-stress in the PZT stack: (a) average power at different frequencies and (b) the maximum static von Mises 
stress in the mechanical transformer and the deformation ΔLz of the mechanical transformer along the z-axis. 
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stress in the mechanical transformer, the PZT stack and the mechanical 
transformer were designed to be assembled with an interference fit, 
which will be detailed in the fabrication section. 
3.4. Modal shape studies 
Most ambient vibrations have multiply frequency components, as in 
the case of the compressor in this study. On the other hand, although an 
EH is usually designed to work at a specific vibration mode, multiple 
vibration modes exist and some of them, when excited to resonate, can 
damage the EH. Therefore, avoiding the resonance of harmful vibration 
modes is necessary to ensure the robust operation of an EH. 
For the PSEH, the designed vibration mode at around 157 Hz is 
shown in Fig. 12 (a), where the maximum displacement is located at the 
top connector to the proof mass. The identified harmful vibration model 
is shown in Fig. 12 (b), where both the top connector and the base of the 
mechanical transform are stationary. This mode once actuated at high 
amplitude, causes large bending motion and excessive stress in the 
hinges, leading to the failure of the mechanical transformer. For the 
optimised PSEH, the resonance frequency of this vibration mode is 380 
Hz, which is away from the large vibration component at 314 Hz. 
Therefore, the resonance of the harmful vibration mode will not be 
excited. 
3.5. The optimised design with plate springs 
With the parameters of the mechanical transformer determined, two 
plate springs with a thickness of 0.4 mm were assembled to the PSEH 
along with the specially designed proof mass. Since the plate springs 
increased the stiffness of the PSEH, the proof mass was increased to 0.41 
kg to maintain the resonance frequency. The PSEH with the plate springs 
produces power peaks of 154 mW at 154 Hz and 159.5 Hz (Fig. 13 (a)). 
The local minimum power is 102.4 mW at 157 Hz. The peak stress in the 
mechanical transformer is recorded as 385.5 MPa at 159.5 Hz, which is 
located at the hinges (Fig. 13 (b)). The peak stress is slightly higher than 
the target of 375 MPa. However, as will be shown in Section 4.2, the 
simulation slightly underestimated the mechanical damping at high vi-
bration levels. With an increase in the mechanical damping to match the 
(a)                                                                                             (b)
Fig. 12. (a) The designed vibration mode of the PSEH at around 157 Hz and (b) identified harmful vibration mode. The original shape is shown in the wireframe 
while the deformed shape is shown in colour contour. The colour contour represents the normalised displacement in µm. 
(a)                                                                                       (b) 
Fig. 13. Performance of the PSEH with two plate springs: (a) power outputs and the maximum von Mises stress in the mechanical transformer and (b) the von Mises 
stress at 159.5 Hz (unit: MPa; the proof mass is hidden to view the stress in the mechanical transformer). 
Fig. 14. Fabrication of the PSEH: (a) the PZT stack: (b) the mechanical transformer manufactured by electrical discharge machining; (c) the PZT stack and the 
mechanical transformer assembled with an ‘interference fit’; (d) pre-stressing caps and bolts were installed and tightened; (e) the PSEH with the proof mass and plate 
springs installed. 
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experiment, the peak stress simulated is 330 MPa, which leaves a safety 
factor > 2 as the fatigue limit is ~ 750 MPa. The low stress relative to the 
fatigue limit ensures the lifetime and durability of the PSEH. Δf , 5.5 Hz 
is slightly reduced compared with the configuration with the same 
mechanical transformer but without the plate springs. This is because 
the plate springs stores elastic energy and reduces the electromechanical 
coupling factor of the PSEH, similar to the effects of the pre-stress bolts. 
4. Fabrication and lab tests 
4.1. Fabrication 
The PZT stack used for the PSEH is a multilayer piezoelectric actu-
ator (PICMA® P-887.91, PI ceramic) with dimensions of 7 × 7 × 36 
mm3, as shown in Fig. 14 (a). The PZT stack consists of ~560 layers of 
active piezoelectric ceramic operating in 33-mode (PIC252, layer 
thickness: ~60 µm including electrodes), and two passive piezoelectric 
layers (~0.5 mm thick), one on each end. The active piezoelectric 
ceramic layers are electrically connected in parallel. The mechanical 
transformer was manufactured by electrical discharge machining out of 
spring steel 60Si2CrVA. The original values of Lz and Lx (shown Fig. 14 
(b)) were measured as 35.950 mm and 26.880 mm. The length of the 
PZT stack was reduced by 20 µm to 35.980 mm by grinding the passive 
layer using wet & dry sandpaper. Then the PZT stack and the mechanical 
transformer were assembled with an ‘interference fit’ (Fig. 14 (c)) — the 
mechanical transformer was stretched along the z-axis and the PZT stack 
was pushed in. Measurements showed that the Lx and Lz were increased 
by 277 and 35 µm by the interference fit. Following that, the pre- 
stressing caps and bolts were applied, as shown in Fig. 14 (d). The 
nuts were tightened gradually by a torque wrench. When a torque of 0.4 
Nm was applied, the mechanical transformer was compressed by the 
pre-stressing bolts to its original shape, indicated by Lx returning to 
26.880 mm. In other words, the PSEH was pre-stressed to deform by 35 
µm along the z-axis. Given the linear relationship between ΔLz and the 
static pre-stress in the PZT stack presented in Fig. 11 (b), the static pre- 
stress is estimated to be ~32 MPa. Following that, the proof mass and 
the plate springs were installed, as shown in Figure (e). 
4.2. Experimental setup 
The PSEH was installed on an electromagnetic shaker (APS 113), as 
shown in Fig. 15. The acceleration generated by the shaker was 
measured by an accelerometer (8762A5, Kistler). A laser Doppler vibr-
ometer (LDV) (OFV 534, Polytech) was used to measure the displace-
ment of the proof mass. The PSEH was connected to a variable load 
resistor. The voltage across the load resistor was measured to calculate 
the average power output. For each actuating frequency, the load 
resistance was varied until the maximum power was recorded. 
4.3. Lab test results and discussion 
The measured and simulated performances of the PSEH actuated at 
0.05 g are compared in Fig. 16. For simulation, the FEM with plate 
springs was used. QM was set to 140 so that the simulated power peak 
matched the measured. The simulated voltage Vand optimal load 
resistance Roptwere converted to the corresponding values of the 








where the subscripts m and s denote the values of N-layer and single- 
layer piezoelectric stack, respectively. 
In the experiment, the PSEH produced two power peaks with a 
resonance bandwidthΔf = 6 Hz: 2.1 mW at 153.5 Hz and 2.5 mW at 
159.5 Hz. The double power peaks validate the strong coupling of the 
PSEH. The simulation results show good agreement with the measured 
results in terms of power output, voltage output, optimal load resistance 
and displacement. However, it must be noted the effects of the softening 
nonlinearity of piezoelectric ceramics on the experimental results, as 
demonstrated in Fig. 16 (b). In the experiment, the internal impedance 
|Zin| was measured by a frequency response analyser (PSM1700, Newton 
4th) at low excitation signals (0.2 V) and therefore with little nonlinear 
effects in the piezoelectric material. The measured|Zin| suggests that the 
resonance frequency of the PSEH is higher than the simulation. When 
actuated at 0.05 g, the elevated stress/strain in the piezoelectric material 
exhibits softening nonlinearity, leading to the reduction in the resonance 
frequency [47]. Because the optimal load resistance Roptof a PEH is the 
internal impedance magnitude |Zin|, the measured Ropt is |Zin| of PSEH 
with nonlinear behaviours of the piezoelectric material. Ropt and |Zin| has 
the minimum value around 153.5 Hz and the maximum value at 159.5 
Hz. As a result, the voltage output at 159.5 Hz (2.75 V) is much higher 
than that at 153.5 Hz (0.25 V) as shown in Fig. 16 (c), although the 
power outputs at these two frequencies are about the same. The 
displacement in Fig. 16 (d) has two similar peaks corresponding to the 
two power peaks and two stress peaks of the mechanical transformer 
(Fig. 13 (a)). 
The measured and simulated power outputs of the PSEH at different 
acceleration amplitude are presented in Fig. 17. As the acceleration 
amplitude is increased from 0.05 to 0.5 g, the first power peak frequency 
f01 decreases from 153.5 Hz to 151 Hz and the second power peak fre-
quency f02 decreases from 159.5 to 157 Hz. The shift of the resonance 
frequency is a result of the softening nonlinearity of the piezoelectric 
material. As the acceleration is increased from 0.05 g to 0.5 g, the 
Fig. 15. Experimental setup for the lab tests.  
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mechanical quality factor QM in the FEM has to reduce from 140 to 85 so 
that the simulated power peaks match the experiment. The reduction in 
the mechanical quality factor QM implies the increase in the mechanical 
loss in the piezoelectric material, which is another consequence of the 
softening nonlinearity of piezoelectricity [48,49]. 
Table 2 summarises the measured performance of the PSEH. As the 
Fig. 16. Measured and simulated performances of the PSEH actuated at 0.05 g: (a) average power output, (b) optimal load resistance (c) the voltage amplitude across 
the optimal load resistance and (d) displacement amplitude of the proof mass. 
         (a)                                                                (b)
     (c)                                                                   (d)
Fig. 17. Measured and simulated electric power outputs of the PSEH actuated 
at an acceleration of (a) 0.2 g, (b) 0.3 g, (c) 0.4 g and (d) 0.5 g. 
Table 2 
A summary of the measured performance of the PSEH at different accelerations.  
Acceleration (g) f01(Hz)  f02(Hz)  K2  QM  K2QM   
0.2 152 159  0.094 110  10.4  
0.3 152 158  0.081 100  8.1  
0.4 152 157  0.067 95  6.4  
0.5 152 157  0.067 85  5.7  
Fig. 18. Performance of the PSEH in a 7.9-hour continuous test.  
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acceleration increases from 0.2 to 0.5 g, the value of K2QM decreases 
from 10.4 to 5.7 due to the reduced electromechanically coupling co-
efficient K and mechanical quality factor QM. Nevertheless, the K2QM is 
always much higher than 2, i.e. the PSEH is always strongly coupled, 
which can be validated by the two power peaks measured in the ex-
periments. When actuated at 0.5 g, the PSEH produced 120 and 140 mW 
at 152 and 157 Hz, respectively. Moreover, the frequency range over 
which the power output is>1 mW is from 121 to 193 Hz, generating a 1- 
mW-bandwidth of as high as 72 Hz; the frequency range over which the 
power output is >10 mW is from 145 to 169 Hz, generating a 10-mW- 
bandwidth of 24 Hz. 
To demonstrate the durability of the PSEH, the PSEH was actuated 
continuously for 7.9 h at 0.3 g, 157 Hz. The actuating acceleration and 
electric power output are shown in Fig. 18. The PSEH showed a quite 
stable power output at around 48 mW. The slight decrease in power is 
due to the decrease in the actuating acceleration. The stable relationship 
between the power output and the acceleration suggests the PSEH 
experienced no performance degradation. 
The performance of the PSEH is compared with the state-of-the-art 
inertial PEHs in Table 3. The power density is defined as 
power
PZTvolume×acceleration2 [28]. The PSEH generates the highest power of 140 
mW, which is 2.5 times the power reported in [28]. The power density of 
the PSEH is not the highest because the fatigue strength instead of the 
higher yield strength was used as the stress limit and a safety factor of 2 
was applied. The safety margin compromised power output and power 
density. Nevertheless, power density can only be indicative when 
comparing different EHs because it does not reflect the actual power 
output or whether the EH can be scaled up to achieve high power. 
5. On-site tests 
5.1. Experimental methods 
The PSEH was installed on the G-drive screw compressor, as shown 
in Fig. 19. A bespoke rig was designed to install the PSEH to the M20 
threads on the compressor. An accelerometer (8762A5, Kistler) was used 
to measure input to the PSEH. The PSEH was connected to a variable 
load resistor. The voltage across the load resistor was measured to 
calculate the power generation. The testing was performed with the 
PSEH installed in two locations. The installation and the testing did not 
cause any interruption to the screw compressor, which worked as usual 
during the whole process. 
5.2. On-site test results and discussions 
The FFT of the accelerations measured on the compressor are pre-
sented in Fig. 20. The accelerations show frequency components at 157 
and 315 Hz, which are nearly the same as the measurements that had 
been taken 9 months before this on-site test and presented previously in 
Fig. 1. Despite the high acceleration amplitude at 315 Hz, the voltage is 
mainly produced at 157 Hz, as shown in Fig. 20. At location 1, the PSEH 
produced a voltage of 2.33 V at 157 Hz compared to 0.083 V at 315 Hz; 
at location 2, the PSEH produced 5.80 V at 157 Hz, compared to 0.37 V 
at 315 Hz. Therefore, the acceleration at 157 Hz is responsible for most 
Table 3 
Performance comparison of the PSEH with the state-of-the-art inertial PEHs 
producing power.  













X. Li [50] 3140 87 0.5 14.6  18.6 
Kim [14] 35 × 37 ×
0.16 × 4 
120 1 28  33.8 
L. Wang  
[29] 
7 × 7 ×
32.4 × 3 
37 0.1 26.42  554.7 
Z. Yang  
[28] 
32 × 15 ×
0.7 
25.7 0.5 54.7  651.2 
This work 7 × 7 × 36 157 0.5 140  317.5  
Fig. 19. PSEH installed on the compressor for on-site tests.  
(a)                                                                      (b)
Fig. 20. Voltage and acceleration measured on PSEH connected to a 350 Ω load resistor at (a) Location 1 and (b) Location 2.  
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of the power generation and the contribution of the acceleration at 314 
Hz is negligible. 
The vibration produced by the compressor fluctuated with time. 
Therefore, FFT was performed on the acceleration data of every one 
second period during a continuous test of 60 s. The amplitude of the 157- 
Hz component in every one second denoted as A1s, is presented against 
time in Fig. 21. The mean value and standard division of A1s are 0.121 g 
and 0.011 g, respectively at Location 1; they are 0.251 g and 0.004 g, 
respectively at Location 2. The power output averaged across every one 
second, denoted as P1s follows the pattern of A1s, as shown in Fig. 21. 
The mean value and standard division of P1s are 13.54 mW and 1.26 
mW, respectively at Location 1; they are 41.80 mW and 1.32 mW, 
respectively at Location 2. 
A1s and P1s were averaged across 60 s to derive the 60 s-average 
power and the 60 s-average acceleration. Fig. 22 shows the 60 s-average 
power and 60 s-average acceleration against the load resistance con-
nected to the PSEH. At Location 1, the maximum 60 s-average power 
recorded is 15.95 ± 2.30 mW when then PSEH is connected to a 250 Ω 
resistor and actuated at 0.125 ± 0.012 g. At Location 2, a maximum 
power of 43.19 ± 1.52 mW was observed when the PSEH was connected 
to a 600 Ω resistor and actuated at 0.259 ± 0.004 g. For different load 
resistance, the actuating acceleration from the compressor is slightly 
different. To identify the optimal load resistance, the 60 s-average 
powers at Location 1 and 2 were normalised to 0.125 g and 0.250 g, 
respectively based on the assumption that the power is linearly pro-
portional to the square of acceleration. The normalised power indicates 
that the optimal load resistance of the PSEH is 250 Ω for both locations. 
This is expected as the optimal load resistance of the PSEH is mainly 
affected by the frequency. 
6. Conclusions 
In this paper, a durable and robust piezoelectric stack energy 
harvester (PSEH) with extremely high-power output has been developed 
for self-powered machine monitoring. The design of the PSEH incorpo-
rated systematic considerations not just on the power output but also on 
the durability and robustness for real-world applications. A 
piezoelectric-circuit coupled finite element model was developed to aid 
the design and was experimentally validated. The PSEH was tested both 
in the lab and on an industrial site. 
The PZT stack in the PSEH experienced little stress concentration as 
it worked in a longitudinal mode. Its durability was increased by 
applying a compressive pre-stress to avoid the development of tensile 
stress since piezoelectric ceramics have a low tensile strength but high 
compressive strength. The axillary rig used to apply the pre-stress 
reduced the electromechanical coupling coefficient K and the reso-
nance bandwidth of the PSEH. It had little effect on the power output 
because the use of the auxiliary rig resulted in a heavier proof mass to 
maintain the resonance frequency. By keeping the maximum stress in 
the mechanical transformer below half of the fatigue limit, the durability 
of the PSEH was increased. The robustness of the PSEH was strengthened 
by plate springs to minimise the effects of vibrations in undesired di-
rections as the vibrations in real-world applications are usually multiple 
directional. These measures are effective in increasing the durability and 
robustness of the PSEH. The PSEH achieved strong coupling, demon-
strated by the two power peaks in the resonance region and the value 
(a)                                                                              (b)
Fig. 21. Variation of the acceleration A1s and power P1s with time at (a) location 1 and (b) location 2.  
(a)                                                                              (b)
Fig. 22. Electrical power output and the input acceleration when the PSEH is connected to different load resistance (a) at Location 1 and (b) at Location 2.  
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ofK2QM > 2 with QM being the mechanical quality factor. When the 
actuating acceleration was increased in experiments, the piezoelectric 
material showed softening nonlinearity, which exhibited as a reduction 
in the electromechanical coupling coefficient K, mechanical quality 
factor QM and the resonance frequency. The PSEH maintained strong 
coupling despite the reduction of K and QM with the actuating 
acceleration. 
With a factor of safety of 2, the PSEH showed a maximum power of 
140 mW when actuated at 0.5 g, 157 Hz. The high power output enables 
the PSEH to continuously supply high-power-consumption wireless 
sensors while the high durability and robustness enable the PSEH to 
work safety in hash industrial environments. The developed PSEH is 
therefore meet the requirements for real-world applications. 
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